Introduction
While the role of cortical areas in linguistic processing is relatively well established, the role of sub-cortical structures such as the striatum, and the way they impact language processing, is still controversial. Indeed, studies using both patients sustaining striatal damage and functional brain imaging with healthy subjects have suggested that the striatum is involved in various aspects of language comprising phonology (e.g. Démonet et al., 1991; Tettamanti et al., 2005) , word morphology (e.g. Ullman et al., 1997; Teichmann et al., 2005; Vannest et al., 2005; Teichmann et al., 2006) and syntax (e.g. Illes, 1989; Moro et al., 2001; Friederici and Kotz, 2003; Teichmann et al., 2005) . To clarify this functionally unspecified picture it has been proposed that the striatum impacts computational processes, which may cut across the different language domains. In line with this proposal, several authors have adopted a non-language specific view, positing that the striatum modulates language via general processes such as executive functioning or working memory (Lieberman et al., 1992; Grossman et al., 1993 Grossman et al., , 2000 Grossman et al., , 2002 . However, two more language-specific accounts were built on the observation that patients sustaining damage to the striatum either demonstrate difficulties with lexical processing such as word retrieval (Crosson, 1985; Wallesch and Papagno, 1988; Copland, 2003; Longworth et al., 2005) or with grammatical rule application as required in tense agreement and sentence comprehension (Ullman, 2001; Teichmann et al., 2005) . This controversy, which may be referred to as the lexicon/rule conflict, is grounded on psycholinguistic models stating that the human language faculty is organized along a dual processing architecture comprising both a mental lexicon and a computational grammar. The lexicon is thought to contain all linguistic idiosyncrasies such as phonemes, morphemes and words, whereas the computational grammar holds the combinatorial rules which respectively apply to the lexical input (Chomsky, 1965; Pinker, 1999) . The present study attempted to resolve the lexicon/rule conflict by testing the hypothesis that striatal structures are involved in both language aspects depending on the anatomical subcomponents of the striatum.
In morphology, the lexicon/rule contrast has primarily been assessed by comparing the conjugation of regular verbs or non-verbs (NV) (rule-based; e.g. walk/walk-ed or splush/splush-ed) and of irregular verbs (lexical-based; e.g. go/went). Several studies have shown that striatal damage, due to stroke or to neuro-degenerative diseases such as Huntington's disease (HD), characterized by primary neural death in the striatum (Vonsattel et al., 1985; Peschanski et al., 1995) and Parkinson's disease (PD), related to dopaminergic deficit in the striatum, are specifically impaired in the conjugation of regular verbs and NV, whereas their performance in irregular verbs is largely preserved (Ullman et al., 1997; Teichmann et al., 2005) . Similar results were obtained during verb perception, showing that HD patients are impaired in judging conjugated NV, whereas they demonstrate relatively good performance with irregular forms (Teichmann et al., 2006) . However, Longworth et al. (2005) reported data which were at odds with the striatum-rule hypothesis whereas favouring the lexical view. As in the previous studies (Ullman et al., 1997; Teichmann et al., 2005 ) the authors used a conjugation task which required the generation of the past tense form upon the presentation of a verb infinitive. Assessing PD, HD and stroke patients with striatal damage, Longworth et al. (2005) did not find any difference between regular and irregular forms, whereas they reported a tendency for lexical intrusions substituting semantically related verbs (e.g. bang-ed instead of slamm-ed). Similarly, using a priming task, the authors showed that regular past tense forms (e.g. 'jump-ed') primed their respective base forms (e.g. 'jump') suggesting that rulebased processes of stem-suffix decomposition are intact in these patients. In contrast, unlike control subjects PD patients displayed priming also for similar sounding words (e.g. captive-captain) suggesting that striatal damage results in difficulty inhibiting inappropriate lexical items. Furthermore, such a lexical view of the striatum appeared to be coherent with data showing that striatal damage results in verbal paraphasias (e.g. Cambier et al., 1979; Damasio et al., 1982; Puel et al., 1984) and in naming deficits (e.g. Damasio et al., 1982; Cappa et al., 1983; Wallesch, 1985; Alexander et al., 1987; Démonet et al., 1991; Frank et al., 1996) . In brief, the previous studies provided conflicting findings with respect to the functional specification of the striatum, which may be due to various factors such as the differing demands of the tasks and/or distinct lesion patterns of the different patient populations.
However, the investigation of another language domain, namely syntax, did not clarify this controversial picture, presumably because rule application and lexical aspects were not tested simultaneously. Several authors tested the ability of patients with striatal damage to understand noncanonical sentences like passives, in which the usual word order is inverted (e.g. 'The girl was observed by the boy') as compared to canonical structures (e.g. 'The boy observed the girl'). According to a number of linguistic accounts, such non-canonical structures critically depend on the application of syntactic movement rules that allow for word order re-mapping and thus for the usual canonical sentence interpretation (e.g. Chomsky, 1965 Chomsky, , 1977 Chomsky, , 1986 . Assessing PD patients with non-canonical and canonical sentences showed that these patients experience difficulty interpreting the former clauses, whereas they have near-normal performance with the latter (Natsopoulos et al., 1993; McNamara et al., 1996; Kemmerer, 1999) . Similar results were reported in HD. Teichmann et al. (2005) varied the plausibility and the canonicity of simple French clauses, showing that HD patients were massively impaired in sentence comprehension with non-canonical non-plausible sentences, in which only the application of syntactic movement rules allows for accurate responses. Moreover, they found significant correlations between the performance in these sentences and the atrophy of the caudate head, as measured by the bicaudate ratio on MRI. Yet, the striatum may also impact lexical aspects of phrasal processing such as access to grammatical categories (Moro et al., 2001; Friederici and Kotz, 2003) . Indeed, grammatical categories are stored in the mental lexicon together with the respective word representation (e.g. cat -noun , eat -verb , the -determiner . . .) (MacDonald et al., 1994) . Furthermore, certain grammatical categories, such as determiners, define a specific grammatical expectancy by placing rule-based constraints on the kinds of lexical units that can follow (e.g. 'determiners' are part of noun phrases, and thus, are always followed by either 'nouns' or 'adjectives'). In a PET study, Moro et al. (2001) used the inversion of determiners and nouns in sentences which consisted of pseudo-words so as to neutralize the access to semantic components while maintaining function words. They reported activations of the left caudate head when participants covertly read such sentences and subsequently made acceptability judgements. Likewise, in a functional MRI study, reported that violations of the expectancy of grammatical categories (e.g. 'the ice cream was in the these patients (Friederici et al., 1999) . Hence in light of these studies, it may be hypothesized that the striatum is involved in both lexical access to stored grammatical categories and in rule-based expectation of such categories.
Although language studies in morphology and syntax did not allow for the functional specification of the striatum, there are some additional data from another cognitive domain which is also characterized by a dual lexicon/rule architecture, namely arithmetic. Indeed, arithmetic processing is claimed to be subdivided into a lexical memory component, containing arithmetic facts such as number representations or multiplication tables, and a rule device allowing exact calculation as required for example in subtractions (e.g. Warrington, 1982; McCloskey and Caramazza, 1985; McCloskey et al., 1991) . Assessing HD patients' performance on simple multiplications and subtractions, Teichmann et al. (2005) reported that these patients were more impaired in the latter operations, suggesting predominant impairment on arithmetic rule application. However, some case studies provided evidence for the inverse pattern, showing that patients with striatal damage were unable to handle basic multiplication tables, whereas they succeeded in solving simple addition and subtraction problems (Hittmair-Delazer et al., 1994; Dehaene and Cohen, 1997) .
In brief, the lexicon/rule conflict remains unresolved, despite its investigation in both language and arithmetic. However, this controversy may be resolved by viewing the striatum not as a simple anatomical and functional entity, but rather as a highly complex structure encompassing various neural circuits which originate from distinct cortical areas. These circuits project from the striatal input nuclei, namely the caudate, to the pallidal output nuclei, conveying information via the thalamus back to the cortical areas where the information was initiated. As evidenced in primate models, these circuits are organized along a segregated architecture, which is dedicated to different functions, comprising motor and cognitive processes (Alexander et al., 1986; Hoover and Strick, 1993; Middleton and Strick, 2000) . This multi-channel view has recently been substantiated in humans by means of diffusion tensor imaging showing that the striatum is connected with cortical regions, which are related to motor functions, executive abilities and, interestingly, to language processing such as Broca's area (Lehéricy et al., 2004a, b) . Likewise, there may be also connections with more posterior language areas given that the primate striatum is connected with several temporal regions (Middleton and Strick, 1996) . Intriguingly, Broca's area is thought to contribute to linguistic rule application (Grodzinsky, 2000; Tyler et al., 2005; Hagoort, 2005; Santi and Grodzinsky, 2007) , whereas posterior temporal cortices are known to subserve lexical operations such as word retrieval (Damasio, 1992; Goodglass, 1993; Indefrey and Levelt, 2002) . However, the respective striatal sub-regions receiving input from these cortical language areas have not yet been investigated. Indeed, the previous language studies hardly considered the different sub-regions of the striatum, which was rather viewed as one single anatomical and functional entity. Hence, the authors did not distinguish between the different lesion patterns within vascular patients, which were merely subdivided into disorders of the putamen and/or of the caudate (Damasio et al., 1982; Cappa et al., 1983; Wallesch, 1985; Alexander et al., 1987; Ullman et al., 1997; Friederici et al., 1999; Longworth et al., 2005) . Furthermore, it is difficult to define an exact anatomical lesion pattern in neuro-degenerative diseases such as HD and PD. In brief, there are hardly any data about the functional role of the distinct sub-portions of the striatum, either with respect to rule application or to lexical processing. The only available data are those drawn from two functional imagery studies suggesting that lexical aspects of phrasal processing may be linked to dorsal portions either of the putamen or of the caudate (Moro et al., 2001) .
In the present study, we hypothesized that the striatum comprises distinct language and possibly arithmetic circuits, which are thought to be anatomically and functionally segregated. Such circuits and their neural integration in distinct portions of the striatum may subserve lexical memory processes on the one hand, and combinatorial rule application on the other hand. Yet the paucity of data in this domain did not allow for formulating a specific prediction with respect to the intra-striatal localization of such sub-portions. In order to test our hypothesis we evaluated 31 HD patients with tasks assessing the rule/ lexicon dichotomy in the domain of morphology, syntax and arithmetic. To ensure that their performance is specifically linked to rule application and lexical capacities we compared them to a control group of 20 age-matched healthy adults from Teichmann et al. (2005) . We then scanned the HD patients with PET using 18 FDG and applying a mask, which allowed for the metabolic specification of the different striatal portions as well as of the pallidum. Finally, we ran correlation analyses which linked the different portions of the striatum with the lexicon/rule abilities of the patients.
Methods Participants
Thirty-one patients with HD at an early stage participated in this study (stages I and II according to the 'Total Functional Capacity scale'; Shoulson, 1981) . HD patients were recruited from the out-clinic patients within the follow-up of the Multicentric Intracerebral Grafting in Huntington's Disease (MIG-HD) trial which was approved by the ethics committee of the Henri Mondor Hospital. All patients were assessed with the rule/lexicon tasks before grafting within each centre participating in the trial (Créteil, Toulouse, Bruxelles, Lille, Angers and Nantes). The HD diagnosis was genetically confirmed (CAG repeats 435). Patients had no previous neurological or psychiatric history other than HD. We compared them to 20 healthy volunteers that had already participated in our previous study using the same rule/lexicon tasks (Teichmann et al., 2005) . Healthy controls had no neurological or psychiatric disorders and were paired to the HD patients according to their age and educational level (all Fs 51). All participants gave informed consent. Demographic data are summarized in Table 1 .
General assessment
All patients were evaluated using the UHDRS (Huntington Study Group, 1996) and the Mattis Dementia Rating Scale (MDRS; Mattis, 1976) . Data are summarized in Table 2 .
Behavioural tasks
Patients were asked to complete three tasks related to morphology, syntax and arithmetic. The three tasks drawn from morphology, syntax and arithmetic were previously used with HD patients and extensively described in Teichmann et al. (2005) .
Morphology
We used verb inflection to assess morphological processes. Indeed, inflection is the primary domain for which online rule-based decomposition has been argued and most models of word processing regard inflected words as the only complex forms for which rule-based decomposition is likely to take place (e.g. Caramazza et al., 1988; Niemi et al., 1994) . Furthermore, inflection is fully productive and semantically and grammatically consistent (e.g. to govern-he governs-he governed), whereas derivation can change the meaning and the grammatical category of the base word (e.g. to govern-government) which may complicate the interpretation of experimental results. In a conjugation task we used high frequency regular and irregular verbs to assess lexical abilities. Although low-frequency regulars are assumed to depend on rule application (e.g. Pinker, 1999) , high-frequency forms of both regular and irregular verbs have been shown to be stored in the mental lexicon (Schreuder and Baayen, 1995; Pinker and Ullman, 2002) . Conversely, rule application was assessed through the conjugation of NV which, by definition, do not have any lexical representation and thus specifically depend on rule application. NV were constructed following two types of French conjugation rules, providing two levels of rule processing: the main rule, which captures regularities pertaining to verbs ending in '-er' (e.g. arriver-il arrive-il arrivera (to arrive-he arrives-he will arrive) and sub-rules which capture less-frequent regularities such as those pertaining to verbs in '-ir' or in '-oire' (e.g. finir-il finit-il finira (to finish-he finishes-he will finish), croire-il croit-il croira (to believe-he believes-he will believe). The two types of NV are respectively referred to as 'regular NV' (e.g. 'garouster') and 'subregular NV' (e.g. 'saurentir', 'olissoire').
The materials contained 24 regular verbs, 23 irregular verbs, 24 regular NV and 18 sub-regular NV which were to be conjugated in the present and in the future tense (third person singular). Regular and irregular verbs were matched for the number of syllables [F(1,45) = 2.22, P40.1] and phonemes (F51) and for their logtransformed frequencies (F51) according to the LEXIQUE 2 database (New et al., 2004) . Furthermore, regular and sub-regular NV were matched for the number of syllables [F(1,40) = 1.56, P40.1] and phonemes (F51). All NV consisted of orthographically and phonotactically legal letter strings. The stimuli were randomized within the two verb and NV conditions. The stimuli order was the same for each participant.
Syntax
Sentence comprehension was assessed with a sentence-picturematching task using canonical (actives, subject-relatives) and noncanonical structures in which the usual subject-verb-complement order is inversed (passives, object-relatives). We reasoned that the processing of non-canonical structures critically depends on the application of syntactic movement rules, whereas canonical structures can be processed using word-order information to reconstruct the thematic roles (first noun = agent, verb = action, second noun = theme). This kind of word-order mapping was claimed to involve more basic rules generally referred to as syntactic formation rules (Jackendoff, 2002) . Note that the processing of both canonical and non-canonical structures requires intact access to the lexical representations of the words used in the sentences. Furthermore, in each of the two sentence types we manipulated the plausibility of the clauses so as to vary pragmatic factors which may contribute to sentence comprehension. This yielded four types of sentences referred to as canonical plausible [e.g. 'La fille arrose la fleur qui est blanche' (the girl waters the flower which is white); N = 4], canonical non-plausible [e.g. 'La fleur arrose la fille qui est blanche' (the flower waters the girl who is white); N = 4], non-canonical plausible [e.g. 'La fleur est arroseé par la fille qui est blanche' (the flower is watered by the girl who is white); N = 4] and non-canonical non-plausible sentences [e.g. 'La fille est arrosée par la fleur qui est blanche' (the girl is watered by the flower which is white); N = 4]. Each sentence was paired with one picture that depicted either the plausible version of the sentence or the non-plausible version, yielding 32 sentence-picture pairs (Fig. 1) . Participants were asked whether the orally presented sentence and the picture were correctly matched. Canonical and non-canonical sentences were randomized. The presentation order of the sentence-picture pairs was the same for each participant.
Arithmetic
We assessed arithmetic rule use and lexical processing, respectively, with simple subtractions with carry-over (e.g. 12 À 7 = 5; N = 20) and multiplications (e.g. 3 Â 7 = 21; N = 20). Fifty percent of the multiplications and subtractions were correct, whereas the other 50% contained errors. Multiplications and subtractions were matched for the number of digits they contained (F51). Participants were instructed to check whether the visually presented operations were correct or not. The multiplication and subtraction problems were randomized. The stimuli order was the same for each participant.
PET scanning
As described elsewhere (Gaura et al., 2004) , PET examinations were performed with a high-resolution EXACT HR+ tomograph (CTI/Siemens) using a 3D acquisition. The subject's head was maintained using an individually moulded head holder. All studies were carried out in a quiet, dark environment while the patients were in a resting state with their eyes closed. 
Image analysis
A detailed description of image analysis has been reported previously (Gaura et al., 2004) . Images were analysed using the statistical parametric mapping software (SPM99; Welcome Department of Cognitive Neurology, London, UK, Friston, 1996) . Briefly, images were transformed into Talairach's standard stereotaxic space (Talairach and Tournoux, 1988) . The images were then smoothed with an 8 Â 8 Â 8 mm 3 Gaussian filter to compensate for inter-subject variability of brain anatomy (Friston, 1996) .
A correlation analysis using a multiple regression model was performed to investigate the relationships between behavioural scores and normalized values of metabolic activity in the striatum. Statistical analyses were restricted to the striatum and the pallidum, using a mask which excluded other brain regions and allowing for voxel-by-voxel comparisons in this area of interest (small volume correction). This mask provides an increase in statistical power, and the threshold of the correlation analysis was set at P50.01. The striatum was subdivided into three main components referred to as the ventral striatum and as the dorsal striatum which itself comprises the caudate nucleus and the putamen. The distinction between dorsal and ventral regions is founded on numerous observations that these regions are anatomically distinct (e.g. Heimer and Wilson, 1975) , connect to different regions of the cortex (Yeterian et al., 1991; Leh et al., 2007) and serve distinct behavioural functions (e.g. O'Doherty et al., 2004) . This structural and functional distinction may also have implications for the different aspects of language processing. Figure 2 shows a 3D reconstruction of the different striatal portions.
Behavioural results
Statistical analyses used analyses of variance (ANOVAs) which were run by participants (F1) and by items (F2).
Conjugation task
We used 'accuracy' as dependent variable and 'stimulus type' (irregular verbs, regular verbs, regular NV, sub-regular NV) and 'groupe' (HD, controls) The girl waters the flower which is white (can+pl+)
The flower waters the girl who is white (can+pl−)
The flower is watered by the girl who is white (can−pl+)
The girl is watered by the flower which is white (can−pl−) Fig. 1 The different sentence types and the plausible and non-plausible pictures they were matched with. can+pl+ = canonical plausible; can+plÀ = canonical non-plausible; canÀpl+ = non-canonical plausible; canÀplÀ = non-canonical non-plausible.
This dissociation confirms that HD patients do not have general difficulties with non-words but that their performance is related to specific rule disorders: relative conservation of the main rule but break-down of sub-rules. Finally, performance with verbs was poorer in HD than in controls suggesting that HD patients may also have some lexical disorders [F1(1,49) = 5.55, P = 0.02; F2(1,46) = 18.20, P50.001]. Results are displayed in Fig. 3 .
Sentence^picture matching task
We used 'accuracy' as dependent variable and 'canonicity' (canonical/non-canonical sentences), 'plausibility' (plausible/nonplausible sentences) and 'groupe' (HD, controls) as independent variables. 
Arithmetic task
Twenty-seven HD patients performed this task. We used 'accuracy' as dependent variable and 'operation type' (subtraction, multiplication) and groupe (HD, controls) as independent variables. Performance was better for controls (97.87% AE 2.97 correct) than for patients [89.72% AE 11.01 correct; F1(1,45) = 12.13, P = 0.001; F2(1,38) = 26.15, P50.001] but there was no effect of operation type [F1(1,45) = 4.02, P = 0.05; F2(1,38) = 1.09, P40.1] and no groupe Â operation interaction [F1(1,45) = 2.25, P40.1; F251]. Post hoc analyses revealed however that performance in HD tended to be better with multiplications (91.30% AE 9.96 correct) than with subtractions (88.15% AE 11.94 correct) in the analysis by participants [F1(1,26) = 3.75, P = 0.06] but not in the analysis by items [F2(1,38) = 1.07, P40.1]. In contrast, performance with multiplications (98.00% AE 2.99 correct) and subtractions (97.75% AE 3.02 correct) was similar in controls (F151; F251). Results are displayed in Fig. 5 .
PerformanceçPET correlation analyses
Performance of controls was too similar and too homogeneous to provide any correlation with metabolic activity of the striatum. Thus correlation analyses were only run with behavioural data of HD patients which showed the required variability between Language processing within the striatum Brain (2008), 131, 1046^1056
conditions and across patients. The significant results (P50.01) reflecting positive correlations between low behavioural scores and low metabolic activity in the different striatal and pallidal areas are listed in Table 3 . In morphology, performance with both regular NV (main rule) and sub-regular NV (sub-rule) correlated with the left ventral striatum and with ventrally situated portions of the left caudate head. Furthermore, performance on regular NV also involved ventral regions of the left putamen. In contrast, performance with irregular verbs (lexicon) correlated with more dorsal portions of the left caudate head. Dissociations between rule and lexical processing within the caudate head are shown in Fig. 6 . In syntax, performance with non-canonical sentences (movement rules) correlated with the ventral striatum bilaterally, with ventrally situated portions of the left putamen and with the left pallidum. Conversely, performance with canonical sentences (formation rules, lexicon) correlated with more dorsally localized regions of the left caudate head. In arithmetic, performance with subtractions correlated with the left ventral striatum, with the left putamen and with the left pallidum, whereas performance with multiplications only correlated with the left ventral striatum.
Discussion
In this study, we tested the hypothesis that the striatum is involved in language and arithmetic abilities with respect to both rule application and lexical processing. Our findings support this hypothesis, showing that HD patients were impaired in both processing aspects which correlated with distinct portions of the striatum.
In morphology, performance in controls was similar with all four stimulus types, whereas HD patients displayed a different behavioural pattern. Patients were impaired in both lexical processes with irregular verbs and rule application with NV. Yet lexical processing and the application of the conjugation main rule were only slightly affected, whereas there was massive impairment of sub-rule application. The dissociation between regular NV and subregular NV furthermore shows that the processing deficits in HD cannot be attributed to the non-natural character of NV but that they are related to the different rule processes captured by the different NV types. The correlation data showed that performance on lexical processing and on rule application were dissociated, involving dorsal portions of the caudate for lexical operations and more ventral portions of the caudate and the putamen for rule application. In syntax, performance in controls was similar for the different sentence types, whereas HD patients were specifically impaired with non-canonical sentences suggesting damage of syntactic movement rules. In contrast, performance was largely preserved with canonical sentences, suggesting that formation rules and access to lexical information are only slightly hampered in HD. Importantly, performance was not influenced by the plausibility status of the sentences, indicating that sentence processing was independent of pragmatic factors and solely depended on language-related processes. As in morphology, correlation data revealed a ventral-dorsal dissociation. Syntactic movement rules correlated with ventrally situated portions of the striatum and with the pallidum, whereas lexical processing and syntactic formation rules correlated with regions which are more dorsally located, such as the left caudate head. Yet, intriguingly, we did not find a significant correlation with non-canonical non-plausible sentences, although the processing of such sentences is assumed to rely exclusively on the application of movement rules. Likewise, this does not fit with previous findings of ours showing that the performance in such sentences correlates with the atrophy of the caudate head as measured by the bicaudate ratio on MRI (Teichmann et al., 2005) . Yet a plausible explanation could be that the HD patients of the present study were quite homogeneously impaired in language processing, which may have prevented certain correlations by yielding floor effects. Nonetheless, the correlation data from both the domains of word morphology and sentence processing reveal a rule/lexicon dissociation within the striatum, showing that rule application with NV and non-canonical clauses correlate with ventrally situated portions of the striatum, whereas lexical processes, as assessed with irregular verbs and canonical clauses, seem to involve more dorsal sub-regions. Finally, in arithmetic, we found processing impairments in both multiplications and subtractions with a tendency towards better performance in multiplications. Furthermore, as in language, arithmetic performance was also dissociated, since the performance in multiplications correlated with the left ventral striatum only, whereas the performance in subtractions correlated with the left ventral striatum but also with the left putamen and pallidum. In sum, the behavioural results of the present study are coherent with the data of our previous study (Teichmann et al., 2005) reflecting predominant impairment on language rule application as compared to lexical processing aspects. Thus, at first view, our findings favour the claim that the striatum holds a role in language processing pertaining to linguistic rule application (e.g. Ullman, 2001 ). However, we also found evidence of slight impairment on lexical operations in agreement with concurrent proposals reporting that damage to the striatum hampers lexical processing aspects such as word retrieval and the inhibition of inappropriate items (e.g. Crosson, 1985; Wallesch and Papagno, 1988; Copland, 2003; Longworth et al., 2005) .
Indeed, the lexicon/rule conflict remained unresolved because the previous findings were exclusively based on behavioural data from patient studies comprising lesion patterns which may have involved different sub-portions of the striatum and which may have extended beyond striatal structures. In HD, for example, neural degeneration spreads within the striatum and progressively invades cortical regions (Vonsattel et al., 1985; Andrews et al., 1999) . Likewise, vascular lesions affect various portions of the striatum and are rarely restricted to the caudate or the putamen. The present study, correlating metabolic data of the striatum and rule/lexicon scores, provides more direct evidence for the linguistic involvement of striatal structures. In accordance with the wide consensus that language abilities are homed in the left hemisphere, we showed that primarily left-lateralized portions of the striatum correlate with the processing of morphological and syntactic information. This finding suggests that the striatum impacts on language via its implication in language-specific processes (Ullman, 2001) , whereas it appears to be less compatible with concurrent claims positing that the striatum modulates language through more general operations such as executive functioning and/or working memory (Lieberman et al., 1992; Grossman et al., 1993 Grossman et al., , 2000 Grossman et al., , 2002 . Our correlation data further specify this linguistic function, showing that distinct left striatal structures are involved in rule application and lexical processing, relating respectively to ventral portions and to more dorsal regions of the striatum. Finally, the computational function of the left striatum seems to apply also to arithmetic aspects of lexical and rule processing. Interestingly, the left-lateralization of exact calculation is supported by several studies using functional imagery with healthy participants. Dehaene et al. (1999) reported that exact arithmetic, which depends on Anatomical dissociation between rule and lexical processing in the caudate head: correlation analyses with sub-rule application (sub-regular NV) yielded a ventrally situated cluster of the caudate, whereas lexical processing (irregular verbs) involved more dorsal portions localized in the same axial plane. This dissociation is reflected by the differences between z-coordinates while x/y-coordinates are identical in the two conditions. calculation rules, leads to left-lateralized activation in the inferior frontal cortex, whereas approximation yielded bilateral activation in the parietal lobes. Moreover, Stanescu-Cosson et al. (2000) showed that exact arithmetic involves in addition to cortical areas the left putamen. Taken together, our results suggest that the left striatum holds both lexical and rule devices which seem to be dedicated to language and arithmetic. Furthermore, lexical processes and rule application appear to be implemented by distinct striatal circuits encompassing distinct sub-portions of the striatum which presumably hold distinct neural and computational properties. This finding is crucial in that it contributes to resolve the lexicon/rule conflict by conciliating two extreme views of striatal functioning. Indeed, a 2-fold lexicon/rule view allows us to account for a number of apparently conflicting findings. Damage to lexicon-related portions of the striatum may induce naming impairments (e.g. Damasio et al., 1982; Cappa et al., 1983; Wallesch, 1985; Alexander et al., 1987; Frank et al., 1996) , the production of paraphasias (e.g. Cambier et al., 1979; Damasio et al., 1982) , difficulties to suppress infrequent meanings of homophones in semantic priming (Copland, 2003) and deficient handling of multiplications (Dehaene and Cohen, 1997) . Conversely, damage to rule-related portions may result in conjugation disorders of regular verbs and non-verbs (Ullman et al., 1997; Teichmann et al., 2005 Teichmann et al., , 2006 , incorrect comprehension of non-canonical sentences (Natsopoulos et al., 1993; McNamara et al., 1996; Kemmerer, 1999; Grossman et al., 2000 Grossman et al., , 2002 Teichmann et al., 2005) , and difficulties to manipulate subtractions (Teichmann et al., 2005) . In fact, vascular damage, neural degeneration in HD and dopaminerelated dysfunction in PD may affect distinct sub-portions of the striatum. The present study helps to separate these sub-portions and furthermore suggests a specific localization pattern. In particular, our correlation data indicate that ventrally situated portions of the striatum may be involved in linguistic rule aspects, whereas more dorsal portions of the caudate and the putamen may impact on lexical processing. This ventral/dorsal dissociation does not hold for arithmetic suggesting that arithmetic capacities involve distinct circuits of the striatum. This is also coherent with modular theories of cognition claiming that different cognitive domains are functionally and anatomically separated (Fodor, 1983 ). Yet, like for language, the striatum seems to implement both rule and lexical processing aspects in distinct sub-portions which, for arithmetic, involve ventral regions of the striatum as well as the putamen and the pallidum. The behavioural pattern of our HD patients provides some additional insight in the functional localization of language processes. Indeed, the intra-striatal lesion pattern in HD has been extensively investigated. Unfortunately, the data are conflicting. On one hand, neuropathological studies (Vonsattel et al., 1985; Vonsattel and DiFiglia, 1998) and several investigations using imaging-based morphometry (Kassubek et al., 2004; Douaud et al., 2006) reported that neural degeneration follows a dorso-ventral and a caudo-rostral, medio-lateral gradient (Vonsattel et al., 1985; Vonsattel and DiFiglia, 1998; Douaud et al., 2006) . On the other hand, Thieben et al. (2002) , using imaging-based morphometry with non-symptomatic gene careers, showed the inverse lesion pattern, namely a ventro-dorsal gradient. Interestingly, the latter study provides evidence for the initial lesion distribution in HD, suggesting that neural degeneration specifically originates in ventrally situated portions regarding the left striatum. Our behavioural pattern in early stages of HD, showing mild impairment on lexical processing but massive disorders with rule application, fit with both the lesion gradient reported by Thieben et al. (2002) and our correlation data. Indeed, neural degeneration in HD seems to originate in the left ventral striatum, leading to prominent rule disorders which coherently correlate with the metabolic decline of ventrally and left-situated portions of the striatum. In contrast, lexical processes are lesser affected and correlate with more dorsal portions of the striatum. However, some caution is warranted when considering such attempts of functional localization. Indeed, as mentioned before, the morphometric data, reflecting the intra-striatal lesion pattern in HD, are far from being clear-cut. Furthermore, the relatively small number of participants and the existence of some structural overlap in the present correlations make it difficult to clarify the exact functional localizations. Finally, localizing rule and lexical devises in the striatum necessarily remains speculative because of the insufficient number of studies in this domain. We provided the first study investigating such functional specifications within striatal structures, and corroborative arguments are still needed.
Conclusion
Here we provided novel functional and structural evidence showing that the striatum is involved in both rule and lexical processing in language as well as in arithmetic. Our findings suggest that the respective neural substrates for rule computation and lexical operations involve distinct striatal sub-portions which may encompass distinct corticostriatal circuits. However, despite the anatomical distinctness, the individualization of discrete functional circuits remains speculative. Our data nonetheless suggest that ventral portions of the striatum may subserve linguistic rule computations, whereas more dorsally situated portions underpin lexical operations. Such sub-portions of the striatum are supposed to receive input from cortical areas which have been incriminated in rule application and lexical processing such as Broca's area (e.g. Grodzinsky, 2000; Tyler et al., 2005; Hagoort, 2005) and posterior temporal cortices, respectively (e.g. Goodglass, 1993; Indefrey and Levelt, 2002) . Further work is needed to confirm these latter assumptions and to clarify the functional segregation within the cortico-striatal circuitry, which presumably accounts for its involvement in various cognitive processing aspects and domains.
